Higher shares of fluctuating generation from renewable energy sources (RES) in the power system lead to an increase of grid balancing demand. One approach for avoiding RES curtailment, is to use excess electricity feed-in for heating applications. To assess in which regions power-to-heat (PtH) technologies can contribute to RES integration, detailed data on the spatial distribution of the heat demand are needed. In this contribution, we determine the overall heat load in the residential building sector and the share covered by electric heating technologies for each administrative district (NUTS-3) in Germany, with a temporal resolution of 15 minutes. For the detailed regionalisation of the residential building stock, we ordered a special evaluation of the German census data at the Research Data Centre with a combination of six building features. Using these data, 729 building categories were defined and heat demand values were assigned to each category. Furthermore, heating types and different classes of installed heating capacity were defined. Our analysis showed that the share of small scale single-storey heatings and large scale central heatings is higher in cities, whereas there are more medium scale central heatings in rural areas. Both is caused by the different shares of single and multi-family houses in the respective regions. To determine the electrically covered heat demand, we took into account heat pumps and resistive heating technologies. All results, as well as the developed code are published along with this contribution under open source licenses and can thus also be used by other researchers for the assessment of power-to-heat for RES integration.
Introduction
The expansion of renewable energy sources (RES) is considered as a main instrument to reduce global CO 2 emissions and mitigate climate change [1] . In Germany, the share of RES in the power production increased tenfold, from 3% in 1990 up to 32 % in 2016 [2, 3] . In the heating and cooling sector, the RES share is still significantly low, accounting only for 13 % in 2016 [4] . One option to increase the RES share in the heating sector, is to use biomass. However, its potential is limited by the large areas required for growing energy crops and the available amount of utilisable residues [5] .
Another option to increase RES share in the heating sector, is to convert power, that has been fed into the grid by wind and solar power plants, to heat [6, 7, 8, 9, 10] . The most used power-to-heat (PtH) technologies are resistive heaters and heat pumps [2] . Since resistive heaters directly convert electricity into heat, the resulting ratio of heat output per power input, called coefficient of performance (COP), is approximately COP = 1. Heat pumps turn thermal energy from the surrounding, e.g. the ambient air or the ground, to utilisable heat. They can reach values of COP > 3, depending on several influence factors, e.g. the heat source temperature [2] . Due to this high COP value, the specific CO 2 emissions of heat supply from heat pumps can be lower than the one from conventional gas or oil heating systems, even if a significant share of fossil fuel based power plants contributes to the electricity generation.
In cases of excess feed-in from RES, the PtH technology can contribute to the reduction of curtailment and grid overload [11, 12] . For this purpose, scheduled PtH load is shifted from time periods of low RES power generation to periods with high generation. As the actual heat demand of the users does not change temporally, a thermal storage is required, which can thus be regarded as an equivalent electricity storage. In most cases, heating systems are equipped with heat storage to buffer peak demand. Also the building's massive structure has a significant storage capacity [13, 14] . Since the thermal storage is already existing, costs can be saved, e.g. in comparison to installing a new battery storage.
Besides the storage capacity, there are other constraints which limit application of PtH. It can be distinguished between a theoretical potential, its subsets, the technical, economic and social potential, and the resulting practical potential [21, 22] . In this contribution, only the least constrained, theoretical potential is regarded. We henceforth denote the thermal heating capacity of electrically driven heating devices that is installed, respectively will be installed in future, as "PtH potential".
To assess, how PtH can contribute to a successful integra- [16, 17] Europe 0.01 km 2 bottom-up ++ / /-+ / Corradini [18] Germany municipality bottom-up ++ / -/ -++ -/ -Pellinger [19] Germany municipality bottom-up ++ / / ++ / present study Germany admin. district bottom-up +++ / -/ -+++ / LUBW / IWU [20] German fed. state admin. district bottom-up +++ / -/ -++ -/ -Annotation: -= not considered; = considered; + = limited; ++ = medium; +++ = high Table 1 : Overview of selected studies taking into account heat demand regionalisation and PtH potential determination tion of RES in Germany, it is not sufficient to calculate one PtH potential value for the entire country. The curtailment of renewable power plants due to a surplus feed-in and limited grid transport capacity is often a local phenomenon, depending on the installed capacity and the energy demand in the respective region, as well as on the power flow from or to other regions [23] . Therefore, PtH potential data for every grid region are required. A main driver for the PtH potential within a region, is the corresponding heat demand. Throughout this paper we will refer to the process of splitting up the heat demand of a continent or country to its associated regions as "regionalisation". It can be distinguished between top-down and bottom-up regionalisation approaches. Also the number of building characteristics that are taken into account for the regionalisation varies between the different approaches.
Another important driver of the PtH potential in a region is the share of the heat demand that is covered by PtH technologies. It can be distinguished between decentralised PtH in individual buildings and centralised PtH in district heating grids. Table 1 shows an overview of selected studies considering either heat demand regionalisation or the determination of PtH potentials.
Gils [15] developed a top-down approach for the regionalisation of the heat demand on a European scale, taking into account residential and commercial buildings. The demand data were extracted from national energy balances and scenarios. They were then allocated according to land use and population density using a raster with approx. 0.5 km 2 pixel size. Further, it was assumed that multi-family buildings have a 20% lower heat demand than single-family buildings.
Persson et al. [16, 17] account for more building characteristics, using a complex bottom-up approach to create the Pan-European Thermal Atlas. It comprises residential buildings as well as the service sector and has a resolution of 100x100m. The authors used input data from the Danish National Building Register, the census data, Corine land cover data and the European settlement map. The data were processed in a floor area regression model and a heat and cooling demand density model. Overall PtH potentials for Europe were determined, but the PtH technology was not in the focus of the study. The results can be visualised on an online map 1 but the underlying data are 1 http://stratego-project.eu/pan-european-thermal-atlas/ not publicly available. Due to the high model complexity, the results are also hardly reproducible.
The Institute for Housing and Environment (IWU) developed a comprehensive topology of the German building stock [24, 25] . The Baden-Wuerttemberg State Institute for the Environment (LUBW) used these data to regionalise the heat demand of the German State Baden-Wuerttemberg to its associated administrative districts [20] , taking into account multiple building properties that influence the heat demand: the floor area, year of construction and building type. The resulting data set is publicly available 2 , but no source code used for the modelling is provided.
Corradini et al. [18] determined the residential heat demand for each municipality in Germany. The authors combined multiple statistics for the year of construction of the buildings, settlement type, number of flats per building and floor area. Due to the usage of different data sources for the respective attributes, assumptions needed to be made, e.g. that the distribution of the buildings on the year of construction is independent of the building type. The results of [18] are further used in [19] , where a merit order of energy storage for the 2030 horizon is modelled. Also centralised and decentralised PtH as an equivalent energy storage are investigated. The results of [18] and [19] are not provided as open data.
In the listed studies, data on regionalised heat demand and PtH potentials are determined and are to some extent suitable for the investigation of how PtH can contribute to avoid RES curtailment and grid congestion. However, the studies do not consider several aspects that are covered in this contribution, as described in the following paragraphs.
In contrast to the mentioned studies, we also provide all input data and results of this contribution as open data and publish the developed code as open source. The Open Source and Open Data approach has been chosen by the authors as it allows for an external evaluation of the models, the assumptions used as well as the obtained results [26, 27, 28] . Moreover, publishing data and models allows their use by other researchers and helps reducing the duplication of data collection. Some of the listed studies already took into account more than one building characteristic to regionalise the residential building stock. Though input data from multiple statistics have been combined, which may lead to inaccuracies and hampers the reproducibility of the results. To avoid this, we ordered a special evaluation of the German census enumeration results at the Research Data Centre of the German Federal Statistical Office. The resulting data set contains a cross combination of six residential building attributes that influence the heat demand. By this cross combination, 729 building categories are defined, for which each the number of buildings per administrative district in Germany is given.
After assigning the heat demand to the regionalised building stock and calculating the electrically covered share of the heat load, the above listed studies provide aggregated demand values per region. To the extent of our knowledge, the present contribution is the first that further categorises the heat demand in a region according to the size of the installed heating capacity in the individual buildings. This categorisation was introduced due to the following reason. Considering the case that buildings are heated by PtH technology and the scheduled load shall be shifted to use up surplus generation from RES. For this purpose the heating devices need to be equipped with information and communication technology (ICT), like controllers or smart meters. Both, a small scale single-storey heating, as well as a large scale central heating need to be equipped with such ICT devices. Thus the specific ICT costs for making the PtH load shiftable, would be higher for a small scale heating device than for a large scale device. Hence the categorisation of the installed heating capacity, provided in this contribution, is an important input for a subsequent economic assessment of the shiftable PtH operation.
In particular, this contribution will examine the following research questions:
• What are the residential heat demand and PtH potentials at the administrative districts level in Germany? Which potentials can be expected in the future?
• What are the differences between the regions potentials? How are the heat demand and PtH potential broken down on different heating capacity size classes?
• What are the effects of the regionalisation parameters on the obtained potentials?
As part of the region4FLEX 3 model, the results of this study will be enhanced by the identification of heat storage potentials and the modelling of the demand shifting process. Further, re-gion4FLEX will allow for determining the regionalised flexibility demand of the German power grid as well as the economic assessment of PtH and other flexibility options. The remaining part of this contribution proceeds as follows: Section 2 describes the methods and data used to derive the regionalised heat demand and PtH potential data. In Section 3 the results are presented and validated against literature values. We highlight the main conclusions of the study and give an outlook in Section 4. 3 The region4FLEX model is developed at the DLR Institute of Networked Energy Systems. For more information visit: https://wiki.openmodinitiative.org/wiki/Region4FLEX
Methods
In this section, our seven-step approach for determining the regionalised heat demand and PtH potentials is introduced. As shown in Figure 1 , the process consists of the spatial and temporal heat demand modelling, as well as the determination of the electrically covered heat load (PtH potential) and the derivation of a future scenario. The implementation of the process is described in Appendix B. The spatial modelling process of the heat demand can be summarised as follows. First, we defined building categories and obtained the number of buildings per category for each administrative district from a special evaluation of the German census data. Then, for each building category, the respective heat demand was assigned, yielding also the overall heat demand per administrative district. Finally, we divided the buildings into classes according to the size of the required heating capacity. In the next paragraphs, these three steps of the spatial heat demand modelling will be elaborated.
STEP 1: Definition of building categories and regionalisation
In the first step of the spatial modelling, residential building categories were defined and the number of buildings per category was assigned to each administrative district. We used data from the census enumeration, to model the German building stock. Among others, the following attributes 4 are surveyed in the census enumeration, that influence the thermal energy demand: type of building, number of flats per building, year of construction, floor area, heating type and number of residents per building. For each attribute multiple types are regarded.
There are e.g. the types "detached", "semi-detached" or "row building" for the attribute "building type". The census enumeration data can be obtained from the website of the Federal Statistical Office of Germany 5 . In the standard result tables on the website, it is listed, how many buildings per region (e.g. administrative district or municipality) have a specific type of an attribute. The website also contains a basic database query tool, in which up to three attributes can be combined. Thus the number of buildings in a selected region having a combination of specific types of attributes can be obtained. As the regionalisation of the building stock is in the focus of the present contribution, a combination of more than three building attributes was preferable. For this reason, we ordered a special evaluation of the census data [30] at the Research Data Centre of the German Federal Statistical Office and Statistical Offices of the Länder 6 with a combination of all six above mentioned building features that influence the heat demand. Figure 2 shows the combination of these six attributes, The census data are also available with a higher spatial resolution than the administrative district level, e.g. on the municipality level or even on a 100x100m grid. But before publishing the data on the official website 5 or as part of a special evaluation, the German Federal Statistical Office applies a security algorithm to the data. The algorithm, called SAFE [31] , is applied due to privacy reasons. SAFE changes individual data, so that no information about individual persons can be gained. The changes are conducted in a way, that they compensate each other and the results for one geographic unit of the regarded data set (e.g. one specific administrative district) are changed as few as possible. The higher the spatial resolution of the regarded data set and the more evaluation attributes are combined, the higher is the relative modification of the data by the SAFE algorithm. In consultation with the Research Data Centre personal, we thus considered the spatial resolution on administrative district level as the best trade-off between data quality and the necessary spatial resolution for the aims of this study. 7 Supplementary material/census special evaluation data 4 STEP 2: Area specific annual heat demand of the building categories
In the second step of the spatial modelling, we determined the floor area specific heat demand of the different building categories. As shown in Figure 3 , the influence of the attributes, year of construction, number of flats per building and building type, was taken into account. The utilised input data were the 729 building categories, defined in the prior step, heat demand measurement data and data regarding the surface area to volume ratio (A/V ratio) of buildings.
Several standards specify, how to calculate the area specific heat demand of individual residential buildings and how to design the respective heating system [32, 33, 34] . These approaches require detailed information, like window surface areas or wall heat transfer coefficients. However, such data are not available when analysing a significant number of buildings, as e.g. all residential buildings in an administrative district. The building topology developed by the Institute for Housing and Environment (IWU) [24, 25] is well suited to calculate the heat demand of the overall German residential building stock. The IWU topology building features are not the same as in the special evaluation of the census data. Therefore we used other data sources that describe the direct dependency of the heat demand on the building attributes used in the special evaluation of the census data.
To model the influence of the building attributes "year of construction" and "number of flats per building" on the annual area specific heat demand q , we used data of the German Energy Agency (DENA) [35] that are based on measurements. The DENA values comprise the final energy consumption for both space heating and domestic hot water (DHW). In Figure 4 , the data are visualised and the numerical values are given in the supplementary material of this contribution 8 higher number of flats per building. The reason for this is that buildings with multiple flats have a lower ratio of surface area to building volume and thus a relatively lower area for heat transfer. For newer buildings, the number of flats has a lower influence on the heat demand, due to a more efficient insulation. Also the attribute "building type" influences the A/V ratio and thus the area specific heat demand. In Figure 5 , the three considered building types are assigned to their respective A/V ratio, using data provided in [36] . The influence of the A/V detached semi-detached row Figure 5 : A/V ratio of building types [36] and influence on heat demand, normalised by the heat demand of the row building type. ratio on the heat demand can be calculated by Eq. 1, which is given in [37] : q (A/V) = 50, 94 + 75, 29 · A/V + 2600/(100 + A).
(1)
Applying the equation yields the results shown in Figure 5 , using an exemplary floor area of A = 150 m 2 . By this procedure we disaggregated the heat energy demand on the different building categories defined in Section 2.1, depending on the building type. More details are given in Appendix C.
STEP 3: Absolute heat demand, heating types and capacity classes
In the third step of the spatial modelling, we calculated the absolute annual heat demand of the building categories, as well as the overall heat demand of the administrative districts, and introduced classes of installed heating capacity. Figure 6 shows the input data and the performed substeps, which are further elaborated in the following paragraphs. To get the absolute an- Figure 6 : Overview of the process to derive the absolute heat demand and the classes of installed heating capacity. nual heat demand Q of the building categories, we multiplied the area specific heat demand, that was obtained in the prior step, with the average floor area, Q = q · A. The used floor area values are presented in the supplementary material 9 .
Subsequently, we regarded the influence of the attribute "number of residents per flat" on the DHW demand. In the data from DENA [35] that were used to calculate the area specific heat demand in the prior step, the energy demand for both space heating and DHW heating was aggregated. To disaggregate these two energy demand types, we derived an average annual DHW heating demand per resident. Therefore we divided the overall final energy demand for DHW in Germany, 90.12 T WH in 2010 [38] , by the number of inhabitants in Germany, 80.21 · 10 6 inhabitants according to the census 2011 [39] , which yielded q DHW = 1123 kWh/cap/a. This value was then multiplied with the average number of residents per flat and the number of flats per building. The resulting absolute DHW demand per building Q DHW was subtracted from the overall heat demand, yielding the space heating demand of the building, Q S H = Q − Q DHW . For more details, refer to the supplementary material of this contribution 10 .
From the absolute annual heat demand, also the installed heating capacityQ inst could be approximated:
where t f lh are the full load hours and following [40] , we assumed 1900 h as full load hours for heating systems. Next, we took into account the attribute "heating type". We grouped 9 Supplementary material/other input data/floor area.xls 10 Supplementary material/other input data/number of residents per flat.xls the buildings according to the three types, single-storey heating, central heating and district heating. For the central heating technology, it was further distinguished between three capacity classes, based on the size of the heating,Q inst < 12.5 kW th , 12.5 kW th <Q inst < 25 kW th and 25 kW th <Q inst . For district heating, we summed the heating load of all buildings in each district having this heating type. The steps one, two and three of the spatial modelling, result in the determination of the installed heating load for each administrative district in Germany. In order to use the results of the present study for investigating the coupling of the heat sector with the power sector, the data on administrative district level may be assigned to the respective electricity grid districts.
Temporal modelling of the residential heat demand
In this section, the temporal modelling of the heat demand is described, which comprises step four and five of the overall modelling process. In step four, we calculated the daily load profile of the heat demand for different weekdays with a resolution of 15 minutes. These intraday load profiles are dominated by the usage patterns of the residents and the control settings of the heating system. In step five, the time series of the heat demand in the course of the year was regarded. First, a yearly load profile with a resolution of one day was determined, which is dominated by the daily average ambient temperature. Then, the daily average load values were multiplied with the normalised intraday load profiles that were calculated in step four, thus yielding a yearly load profile with a resolution of 15 minutes.
STEP 4: Determination of daily load profiles
For modelling the intraday resolution of the heat load, we used measurements that have been carried out by the DLR Institute of Networked Energy Systems within the NOVAREF project [41] . In the NOVAREF project, the thermal load for space heating and domestic hot water was measured for 12 residential buildings. The measurements were performed for at least one year for each building, with a time resolution of two seconds. Note that, in order to design a heating system for a single building, the high temporal resolution used in the NO-VAREF project is beneficial, since it comprises demand peaks and ramps. Instead, the scope of the present contribution is to analyse the statistical demand time series of multiple thousands of buildings, e.g. in one administrative district. Because such aggregated load profiles are smoother than those of individual buildings, we required a lower time resolution than in the NO-VAREF project. Furthermore the results of this contribution shall be used to investigate balancing of fluctuating RES generation. Therefore, we chose a time resolution value of 15 minutes for the load profiles, which is also a common time period in power trading [42] .
We thus aggregated the NOVAREF time series of each building from a two second resolution into 15-minute average values <Q 15min >. The resulting yearly time series of each building with a 15-minute resolution was then cut into 365 one-dayinterval time series. Further, the daily load profiles were normalised by dividing the 15-minute average load values by the daily average load |<Q 15min >| = <Q 15min >/<Q 24h >. The normalised load profiles were grouped by working days, Saturdays and Sundays and for each of the obtained groups, all associated daily load profiles were averaged.
STEP 5: Determination of the yearly load profile
In step five, we determined yearly load profiles for every considered building category and the aggregated heat load for each administrative district. An overview of this process is shown in Figure 7 . First, the dependency of the space heating load on the ambient temperature was calculated. The resulting temperature specific space heating load was multiplied with the ambient temperature time series of the respective administrative districts, the building is located in. Next, the DHW load was added to the space heating load and both were superposed with the intraday load profile. Finally, the aggregated heat load time series for each administrative district was calculated. In the following paragraphs, this process is described in detail.
To model the dependency of the heat loadQ(T a ) on the ambient temperature for each building category, we introduced a bilinear load profile, that is also used in several standards [32, 33, 34] . The profile is plotted in Figure 8 and is 
When the ambient temperature T a is equal or larger than the heating limit temperature T hl , which depends on the attributes of the building, no space heating, just DHW heating is required. The DHW heat load per residentq DHW is assumed to be independent of the ambient temperature. Dividing the annual DHW heating demand per resident, introduced in Section 2.1, by the number of hours per year, 8760 h, yields a value oḟ q DHW = 0.128 kW th . Thenq DHW is multiplied with the number of residents per building n res .
In case of T a < T hl , the space heating load rises linearly with the difference of T hl and T a . The slope of the space heating curve is the temperature and area specific heat load h, multiplied with the floor area A. The equations 3 and 4 show that the heat loadQ(T a ) directly depends on the values of the building category attributes "number of residents per flat" and "floor area". The values of the specific heat load h and heating limit temperature T hl are not defined, yet. We therefore derived functions for h and T hl that are dependent on the annual heat demand for space heating Q S H . Since we defined Q S H depending on the building category attributes, as described above, also h and T hl are indirectly dependent on these attributes.
We started the derivation of the functions for h and T hl by defining Q S H , not from measurement values as in Section 2.1, but by integrating the space heating load (first summand from Eq. 4) over time:
where t start and t end are the time limits of the heating period.
Since h and A are constants, they can be extracted from the integral (Eq. 6). The remaining integral part yields the so called heating degree days n hdd [K · d] (Eq. 7) [32, 43] , which in turn depend on the heating limit temperature and the location of the building. With an Excel tool 11 , developed by the Institute for Housing and Environment [44], we calculated the number of heating degree days for three different heating limit temperatures, averaged over all weather stations in Germany. For each station, the average number of heating degree days of all years was used, that were measured at the respective station. The results are listed in Table 2 . We interpolated the average heating
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The heating limit temperature in Eq. 9 is not defined yet. According to [44], the average heating limit temperature for lowenergy houses is 12 • C and for buildings with a weak heat insulation, it is 15 • C. Therefore, we assigned T hl = 12 • C to the building category (according to the definition in Section 2.1) with the lowest annual heat energy demand and T hl = 15 • C to the category with the highest heat energy demand. To determine the heating limit temperature values for the other building categories, we interpolated the outer limits by using a linear function, as follows:
Inserting Eq. 9 and 10 into Eq. 8 yields:
A factor of 24 needed to be added in the denominator in order to convert days into hours. More details on the derivation of the equations 9 -11 are provided in the supplementary material of this contribution 12 .
After deriving the functions for the heating limit temperature T hl and the specific heat load h we evaluated Eq. 3 and Eq. 4 for all building categories that have been defined in Section 2.1. The resulting heat load over the ambient temperature is shown in Figure D .22 (see Appendix D). Figure 9 (obtained when zooming Figure D.22) shows the heat load of the different building categories with more details in the region of the heating limit temperature. There are three groups of curves with a vertical offset between each other, which is caused by the different resident numbers in the building categories 10 , influencing the DHW demand. The curves in Figure 9 have varying heating limit temperatures and different slopes, which is due to the difference in the year of construction, building type, floor area and number of flats per building.
To define the ambient temperature during the course of the year, we assigned the administrative districts to the respectively closest weather station. For each of the 44 weather station, the monthly average temperatures since the start of measurements were obtained from [44] 13 . The related data are provided in the supplementary material of this contribution 14 . We assigned the monthly average temperature to each fifteenth day of the month. The temperatures for the other days were linearly interpolated. 12 Supplementary material/other input data/ heat load area and ambient temperature specific function.xls 13 In [44] the temperature data were obtained from the German Meteorological Service. 14 one resident two residents > two residents Figure 9 : Heat load of the different building categories in the heating limit temperature region. One line represents one building type. Dark colour: low heating limit temperature, bright colour: high heating limit temperature. Not all 729 load curves shown, for improved clarity.
Then in a next step, we inserted the average daily ambient temperature into Eq. 4 for all building categories that have been defined in Section 2.1. This yielded the respective daily average space heating and DHW load. The average loads were then multiplied with the normalised intraday load profile with a 15 minute resolution for the respective day category (working days, Saturdays and Sundays).
Electrically covered heat load (STEP 6)
After modelling the spatial and temporal distribution of the heat demand in the previous steps, we continued by determining the PtH potential in step six. Therefore we calculated the share of the heat load, that is covered by an electric source.
We took into account the heat pump technology, for which we summed up the numbers of the air-and ground-sourced systems. Also we regarded the resistive space heating and resistive DHW heating technologies. For more information on the functionality of these technologies, refer to [2] . Unfortunately, there are no data sets available, in which the number of installed electric heating systems are divided up into all of the census enumeration attributes, used to define the building categories in Section 2.1. But at least the two attributes "number of flats per building" and "year of construction" are considered. Table 3 shows the number of buildings equipped with heat pumps [40] , broken down according to the number of flats per building. The number of flats with resistive space heating and resistive DHW heating systems are shown in Table 4 , following [45] , where the data are separated according to buildings with one flat and buildings with more than one flat. Also three different categories for the attribute year of construction of the building are distinguished. Further, we assumed that resistive space PtH heating is only used in flats with single-storey heating. Then the number of flats equipped with heat pumps and resistive heating technologies was divided by the total number of flats in each category. The resulting shares were multiplied with the totally installed heating capacity in the respective category, which yielded the installed electrically covered heat load. For more details on the numbers of flats equipped with PtH technologies, refer to the supplementary material of this contribution 15 . The numbers listed in Table 3 and 4 describe the share of the electrically covered heat load for entire Germany. In order to account for regional differences, we introduced a scaling factor for each German federal state. This factor specifies, whether in the respective federal state, the electrically covered share of the heat load is higher or lower than in the other federal states. The scaling factor of each federal state is multiplied with the electrically covered heat load share in all administrative districts associated with the particular state. More information on the calculation of the scaling factor are given in Appendix E.
The thermal capacities of power-to-heat facilities in district heating systems in Germany are listed in [46] (note Appendix F for heat storage in district heating systems). In this contribution, we assigned these capacities to the centroids of the respective administrative districts and plotted the resulting data in Figure 12 . The numerical values are also listed in the supplementary material of this contribution 15 .
Future scenario derivation (STEP 7)
In the last step of the modelling process, we a applied a basic future scenario for the heat demand and the PtH potentials, taking into account the horizon 2030 and 2050. We approximated that, in all German administrative districts, the relative increase 15 Supplementary material/other input data/electric heating factors or decrease of the heat load is equal. To describe the future development of the total thermal load of residential buildings, we used the values in [21] .
For decentralised PtH in residential buildings, we differentiated between the future projections of the installed load of heat pumps, resistive space heating and DHW boilers. To predict the installed thermal load of heat pumps in 2030, we used the values in [40] . Furthermore we interpolated the values between the period 2010 and 2030 by a polynomial function of the second degree. The same function was used to extrapolate the installed heat pump capacities for the year 2050. The numerical values are given in the supplementary material 16 .
Resistive space heatings are mostly implemented as night storage heatings, using excess power from fossil or nuclear power plants [47] . The energy transition and phase out of large scale power plants will probably lead to a reduction of the number of installed night storage heatings. At the same time, the need of balancing of renewable energy feed-in may lead to an increase in the numbers of resistive heaters [48] . We thus assumed that their overall load will remain constant. DHW boilers are mostly installed due to the low required space. Since this advantage will also be relevant in future, in this contribution it was assumed, that the overall load of this technology will too remain constant.
For centralised PtH in district heating systems, no differentiation was undertaken between the future development of heat pumps and resistive heaters. This was mainly because of the lack of scenario data. In [49] , the future potential of PtH in district heating systems in Germany was assumed to be 4.5 GW. The authors in [49] derived this number from the currently installed PtH capacity in Denmark. In this contribution, we assumed that these 4.5 GW will be installed by 2030. Furthermore the installed PtH capacity in district heating systems was assumed to grow by 50 % from 2030 to 2050.
Results and Discussion
In this section, we present the modelling results for the regionalised heat demand and PtH potential of the administrative districts in Germany. First, the findings for the installed heating capacity are described, considering different technologies and capacity sizes. Next, the temporal resolution and the future development of the heat load and PtH potentials are addressed. Finally, a validation of the results is conducted, for both the heat demand values of entire Germany and individual administrative districts.
Installed heating capacity
In the following subsections, we show the results for the modelling of the installed heating capacity in the German administrative districts. Differences between municipal and rural districts, as well as between different mayor cities, are especially highlighted. The electrically covered heat load and the shares of the different used technologies are also presented. In the supplementary material of this contribution 17 , the numerical results for all German administrative districts can be found.
Structure of the installed heating capacity in municipal and rural districts
We begin with demonstrating the differences of the installed heating capacity and the heating technology distribution at the example of the city of Berlin (population density = 4000 inhabitants/km 2 ) and the surrounding rather rural 18 administrative districts (population density < 150 inhabitants/km 2 ). As shown in Figure 10 , in Berlin, a high share of the residential heat load is covered by the district heating system. Single-storey heatings and large scale central heatings (25 kW th <Q inst ) also represent a large share of the heating technologies used. This is mainly the result of the high number of multi-family houses. In the rural districts like Havelland, the highest share of the heat load is covered by small and medium scale central heating systems (Q inst < 25 kW th ). The reason for this is that there are mostly single-family houses in the rural districts. The installed heating capacity for all districts in Germany, divided into the same size classes as for the case of the Berlin region, is shown in Figure 12 . This yields that also for entire Germany, single-storey heating, large scale central heating and district heating are dominating in cities. Small and medium scale central heatings are dominating in rural areas.
Structure of the installed heating capacity in different major cities
The distribution of the heat load in different major German cities, normalised by the totally installed heating capacity in 17 Supplementary material/results 18 All administrative districts shown in Figure 10 , except Berlin and Potsdam, have a population density lower than 150 inhabitants/km 2 , which can be considered as rural, according to the definition in [50] . the respective city, is shown in Figure 11 . Such as it was the single storey heating district heating inst. heat. capac. normalised [-] Figure 11 : Normalised distribution of the installed heating capacity in major German cities. case in Berlin, district heating and large scale central heating cover a significant percentage of the heat demand in the cities of Hamburg and Munich. The share of the medium scale central heating (12.5 kW th <Q inst < 25 kW th ) in Hamburg and Munich is more than twice as high as in Berlin. This may be explained by the lower number of single-family houses in Berlin due to a different housing policy in the former German Democratic Republic as in Western Germany [51] .
Share of electric heating technologies covering the heat load
As described in Section 2.3, we next multiplied the installed heating capacity with the electrically covered share, considering different technologies. This yields the theoretical PtH potential that can be used for load shifting in order to balance fluctuating renewable energy feed-in, which will be investigated by the authors in future research.
The results are depicted in Figure 13a using the example of the city of Berlin. The shares of the electrically covered load are relatively low, with a maximum of 0.25 GW th from totally 1.8 GW th heat load for the category single-storey heating, which corresponds to 13 %. Figure 13b shows, how the electrically covered load is split up into different technologies. The largest part is covered by resistive DHW heating, followed by resistive space heating. Heat pumps still play a minor role. Currently, there is one 6 MW th resistive heater installed in the district heating system in Berlin. Compared to the cumulated electrically covered load by single-storey heatings it is a much lower value. The dashed black line represents a resistive heater under construction, as described in Section 3.3.
In Figure 12 , the PtH facilities in district heating systems in Germany are presented. The smallest one, situated in the Spree-Neisse district, has a power of 0.55 MW th and the largest one, situated in the city of Heilbronn, has a power of 100 MW th . According to the data provided in [46] , only resistive heaters, no large scale heat pumps (like e.g. in Denmark [52] ) are installed in the district heating systems in Germany. 
Temporally resolved heat loads
In this section, we present the results for the temporally resolved heat load. First, the intraday load profile for different weekdays is described. Then these profiles are superimposed with the ambient temperature dominated load profile in the course of the year.
Intraday load profile
As described in Section 2.2, the intraday thermal load profiles have been derived from measurements that were carried out in the NOVAREF project [41] . The results for DHW are shown in Figure 14 , where one coloured line corresponds to the average daily load profile of one building. The solid black line represents the average of the daily load profiles of all 12 buildings for which measurements were carried out. The dashed black line shows the reference case of a constant load, where the DHW demand is equally distributed over the entire day (|<Q 15min >| = 1). On working days between 06:00 and 07:00, the average thermal load is six times higher than the constant load case. This is due to the use of DHW for showering and preparing breakfast with a high level of simultaneity. There is a second, flatter load peak between 18:30 and 20:00, where the average load value is about two times higher than in the constant load case. The reason for this is probably, that most of the people come home after work in the evening hours and use DHW, but the level of simultaneity is lower than in the morning hours.
The DHW average load profile for Saturdays and Sundays also shows a morning and evening peak, which are flatter and span over a longer time than the one for working days. This is due to the fact that weekends are non-working days and the load rather depends on the individual behaviour, leading to a lower level of simultaneity.
The load profile for space heating is shown in Figure 15 . There is also a morning peak in the average load profile from 05:00 to 08:00 on working days, as well as from 05:30 till 12:00 on Saturdays and Sundays. The load at these peaks is approximately twice as high as for the constant load case. However, no significant evening peak is recognisable. Note also that, between 22:00 and 05:30 the load is about half of the constant load case for all of the three load profiles. The coloured profiles for the individual building show significant ramps, e.g. in the morning. This leads to the assumption that, the space heating profiles are only indirectly coupled to the demand of the residents. The profiles tend to be mainly dominated by the controller settings, e.g. starting the space heating at a specific point of time every morning. The numerical values of the average daily load time series for space heating and DHW are given in the supplementary material of this contribution 19 .
Yearly load profile
The space heating and DHW load in the course of the whole year with a 15-minute resolution is shown in Figure 16 for the example of Berlin. In January, the space heating load has its maximum and then its value drops, till the ambient temperature reaches the heating limit temperature in May. During summer, only energy for DHW is needed. After the ambient tempera- ture drops again below the heating limit temperature in September, the space heating load rises till January. During spring and autumn, the DHW load peaks are in the same order of magnitude as the average space heating load. The numerical values for the yearly load profiles of all administrative districts in Germany can be found in the supplementary material of this contribution 19 .
Future scenario
The future development of the totally installed heating capacity in Berlin and the electrically covered share based on the values considered in Section 2.4, is shown in Figure 17a to the expected increase of energy efficiency, the total installed thermal load is predicted to drop by 45 % till 2050. At the same time, the share of the electrically covered load increases from 4.5 % to 25 %. The future development of the technology shares in the electrically covered heat load is shown in Figure 17b . As described in Section 2.4, we supposed the overall installed load of resistive space heating devices and DHW boilers stays constant. For both 2030 and 2050, the expected load in Berlin from centralised PtH in district heating is twice as high as the load from decentralised heat pumps in residential buildings.
As denoted by the dashed line in Figure 13b , a 120 MW th resistive heater shall be installed in the Berlin district heating system in 2020 [53, 54] . It will then be the largest PtH facility in Germany. The electrically covered load in the district heating system will be in the same order of magnitude as the cumulated load of decentralised resistive space heatings in Berlin. This shows, how one large scale investment can significantly change the technology shares in the electrically covered load.
Validation
In this section, we compare the results of the present study with those found in the literature. First, the cumulated heat demand of all German administrative districts is addressed. Then we compare different regionalisation methods and finally deal with the installed PtH capacity of different technologies.
Yearly heat demand for total Germany
We validated the results for the yearly space heating and DHW final energy demand for total Germany of the present study with the data in [55] , as depicted in Figure 18 demand stays roughly constant from 2011 till 2050, with approximately 90 T Wh in the present study and 70 T Wh in [55] . The discrepancy between these two values can be explained by different assumptions for the DHW usage of the German population. A comparison of DHW usage values is conducted in [56] .
The status quo space heating demand for Germany amounts to 520 T Wh in this contribution and to 475 T Wh in [55] . This difference of 9 % arises probably, because we used long term average ambient temperatures to calculate the heat demand and in [55] data for 2011 were used only. In both studies, the yearly demand for space heating decreases by approx. 40 % from 2011 till 2050.
Monofactorial and multifactorial regionalisation
In this paragraph, we compare the results of the present study with other methods to regionalise heat demand. We use Germany, respectively the state of Baden-Wuerttemberg as an example, and split up the total heat demand into single demand values for the associated administrative districts. For a better comparability of the methods, the results of the regionalisation were normalised. As shown in Eq. 13, we first divided the annual heat demand value Q i of each administrative district i by the number of residents per district n res,i . Second, we divided the resulting value q res,i by the average of the heat demand per resident of all administrative districts <q res >:
In Figure 19 , the normalised annual heat demand per resident of the administrative districts |q res,i | is plotted over the average floor area per resident. One dot represents one administrative district. Thus the dots on the left side of the figure rather represent districts containing large cities, where a high share of the population lives in comparably small flats. The dots on the right side rather represent rural areas, where many people live in rather large single-family houses. A statistical parameter for which data are available in most cases, even for regions with a small extent [39] , is the number of residents. The regionalisation using only the number of residents per region, is denoted by the solid black line in Figure 19 . We henceforth denote this kind of approach "monofactorial regionalisation" as only one statistical parameter is used. In this method, the annual heat demand of Germany 20 is divided by the number of inhabitants 21 , yielding 7650 kWh/cap/a. This constant is then multiplied with the number of inhabitants of each district, to get the heat demand per district. The subsequent normalisation yields a heat demand per resident of |q res,i | = 1 for every district.
However, literature agrees that the influence of the floor area on the heat demand is significantly higher than the one of the number of inhabitants [32, 33, 34, 35, 57] . So if statistical data on the floor area per district are available, another monofactorial regionalisation can be conducted, as indicated by the dashed line in Figure 19 . The annual heat demand of Germany 20 is divided by the total floor area 22 in Germany, which yields 161 kWh/m 2 /a. This factor is then multiplied with the total floor area per district. Figure 19 shows that for the district with the lowest floor area per resident in Germany, the floor area specific regionalisation leads to an approx. 20% lower heat energy demand than the resident specific regionalisation. For the district with the highest floor area per resident, the floor area specific regionalisation leads to an approx. 25% higher energy demand than the resident specific regionalisation. Due to this high deviations, we do not recommend using the resident specific regionalisation. It may only be used in cases, when no other statistical data are available than the number of residents per district.
In the present study, more factors influencing the heat demand additionally to the floor area and number of residents were considered: the building type, number of flats per building, year of construction and the heating type. We thus denote this approach by "multifactorial regionalisation". As shown in Figure 19 , also in the present study the normalised heat demand per resident of the administrative districts generally increases over the average floor area per resident. This indicates that the floor area is the main driver of the heat demand. Due to the additionally regarded building properties, the results of the present study differ from the ones of the floor area specific regionalisation, with maximal +9 % and minimal −13 %.
The Baden-Wuerttemberg State Institute for the Environment (LUBW) regionalised the heat demand of the German State Baden-Wuerttemberg to its associated administrative districts 23 [20] . Also in [20] , multiple factors were taken into account that influence the heat demand: the floor area, year of construction and building type. Figure 19 shows that the results of [20] are generally corresponding to the results of the present study for Baden-Wuerttemberg and the Pearson Correlation Coefficient [58] is R = 0.95. Furthermore, we subtracted the results of the monofactorial floor area specific regionalisation approach from the results of both multifactorial regionalisation approaches, the present study and [20] , taking into account all administrative districts of Baden-Wuerttemberg. The two resulting sets of deviations are plotted one versus the other in Figure G.23 (see Appendix G). The pearson correlation coefficient of the deviations is R = 0.55, which stands for a moderate correlation. That means that the results of the multifactorial regionalisation methods (the present study and [20] ) do not just randomly, but systematically differ from the monofactorial regionalisation method.
Installed PtH capacity of different technologies
To validate the installed heating capacity of different PtH technologies, we compared the results of the present study with those obtained in [19] . As the data in [19] were given as installed electrical capacity, we converted them to thermal capacities. The electric capacity of heat pumps was multiplied with an annual coefficient of performance of 2.89, that was also given in [19] . Regarding the resistive heating technologies used for space heating, DHW heating and in district heating systems, we approximated that the thermal capacity is equal to the electrical capacity. Furthermore in [19] it is distinguished between the amount of PtH capacity that can be additionally activated at a certain point of time and the one, which can be deactivated. We selected the respective maximum of these values, to compare it with the installed heat load, determined in the present study.
. . . Figure 20 : Validation of the results for the PtH potentials for total Germany, *data from [19] converted as described in the text.
resistive DHW heating
As shown in Figure 20 , the installed thermal capacity of heat pumps for the status quo is about the same size, with 3.5 GW in the present study and 2.89 GW in [19] . The thermal heat pump capacity will increase to 15 GW by 2030 in the present study and to 7 GW in [19] . This discrepancy can probably be explained by the different scenarios used for the future heat pump expansion.
The installed capacity of resistive space heatings amounts to 9 GW for the status quo in both studies. While the capacity stays constant in the present study till 2030, it drops to 4 GW in [19] . This difference arises because the authors of [19] did not take into account, that the need for balancing of renewable energies may have an increasing effect on the numbers of installed space heatings. Instead they considered an additional category of ancillary resistive heatings that may be combined with a conventional heating system, that runs on fossil fuels. The authors of [19] estimate the potential of this category at 100 GW by 2030. The installed resistive DHW heating capacity amounts to 8.2 GW in the present study and 7.4 GW in [19] . In both studies the capacity remains constant till 2030. For the status quo, also the capacity of resistive heating in district heating is approximately equal in both studies, with 0.6 GW. Regarding the 2030 horizon, the PtH capacity will increase to 4.5 GW in the present contribution and to 2.6 GW in [19] . As the future expansion of this PtH technology strongly depends on single large scale investments of district heating operators, it can be hardly predicted.
Conclusion and Outlook
With the expansion of renewable energies in Germany, events of imminent grid congestion occur more often. In order to avoid the curtailment of renewable energy sources, one option is to use excess feed-in locally for heating applications. As a first step to assess the potential of converting excess power to heat, in this contribution we determined the overall heat demand and the electrically covered share in the residential building sector. To account for regional differences, the potentials were spatially resolved on the administrative district level.
In contrast to the other studies in this field, we provide all results as open data and take a higher number of building attributes into account for the regionalisation of the building stock. For this purpose, a special evaluation of the census enumeration data was ordered at the Research Data Centre of the German Federal Statistical Office, with a cross combination of six building attributes that influence the heat demand. Using these data, 729 building categories were generated and the number of buildings per category for each administrative district was determined. For each building category, heat demand values, as well as daily and yearly load profiles were assigned that were generated from measurement values.
We distinguished between different heating technologies and three classes of installed heating capacity per building. For urban districts, this yielded a high installed heating capacity of small scale single-storey heatings, as well as large central heatings. Both is due to the high share of multi-family houses in cities. In rural areas there are more small scale and medium scale central heating systems, because of the high number of single family houses. Most district heating networks were found in large cities but also a not negligible capacity in rather rural administrative districts.
For the electrically covered heat load, we took into account decentralised heat pumps, resistive space heating and resistive DHW heating. Also centralised resistive heating facilities in district heating systems were considered. Thus the distribution of the installed capacity on the different PtH technologies in the administrative districts could be demonstrated. At the example of Berlin it was shown, how one large scale investment can significantly change the shares of the different technologies.
A generalized future scenario was defined, taking into account the 2030 and 2050 horizon. In this scenario the overall heat demand of Germany decreases by 40 % from 2011 till 2050, while the electrically covered share increases by a factor of five. Moreover, different approaches to regionalise the overall heat demand of Germany to its respective administrative districts were compared. Taking into account only one factor for the regionalisation, as e.g. the population density, results in differences up to 25 % from the present study. We therefore recommend to consider multiple building attributes for the regionalisation of the building stock and heat demand.
The regionalised heat demand and power-to-heat potentials determined in this contribution are valuable input data for future research. As the results are provided as open data, they can be used by other researchers for assessing the contribution of the power-to-heat technology to RES integration. When investigating the flexible operation of PtH devices, the heating capacity classes that were introduced in this contribution are beneficial. The specific costs for heat storage and for equipping the PtH devices with ICT generally drop with larger installed heating capacity, which may influence the economic viability.
The future scenario that was regarded in this contribution may be further extended. The high number of defined building categories, allows for applying individual development forecasts for the different building types. Also more details on new construction and demolition rates of residential buildings and reinvestment cycles of heating systems may be included. type, it must be ensured that the overall heat demand of all building type categories does not change. This is expressed by the following equation:
q · (A det + A sd + A row ) = q det · A det + q sd · A sd + q row · A row , (C.1)
where q" stands for the aggregated area specific heat demand value of all building types, q det for the disaggregated area specific heat demand value of all detached buildings, q sd for the demand of the semi-detached buildings and q row for the demand of the row type buildings, A det stands for the cumulated floor area of all detached buildings, A sd for the area of the semidetached buildings and A row for the area of the row buildings. The Eq. C.1 is then transformed to get the ratios of the disaggregated demand values to the aggregated values, as follows, q det q = A det + A sd + A row A det + A sd · q sd /q det + A row · q row /q det , (C.2) q sd q = A det + A sd + A row A det · q det /q sd + A sd + A row · q row /q sd , (C.3) q row q = A det + A sd + A row A det · q det /q row + A sd · q sd /q row + A row .
(C.4)
The denominator of the equations C.2, C.3 and C.4 contains the ratios of the disaggregated heat demands of different build-ing types. We calculated these ratios by applying Eq. 1 for the respective building types and dividing the results by each other. The results of the equations C.2, C.3 and C.4 were then each multiplied with the nine area specific heat demand values obtained from [35] depending on the year of construction and number of flats per building, which yields 27 disaggregated values depending additionally on the building type. The numerical values for the process described here, can be found in the supplementary material of this contribution 25 .
Appendix D. Heat load curves for building categories 
Appendix E. PtH technology scaling factor for German states
The scaling factor x i j is defined for each of the technologies i = 1...3 (heat pump, resistive space heating and resistive DHW heating) and for all German states j, as:
x i j = n devices,i j /n buildings, j n devices,Germany,i /n buildings,Germany , (E.1) Therein n devices,i j is the number of installed PtH devices per state (data from [59] for heat pumps and from [45] for resistive space heating and resistive DHW heating), n buildings, j is the number of buildings per state [30] , n devices,Germany,i is the number of installed PtH devices for total Germany and n buildings,Germany is the number of buildings for total Germany. The numerical values of the scaling factors are provided in the supplementary material of this contribution 26 . 25 Supplementary material/other input data/heat demand according to building type year of construction and number of flats per building 26 Supplementary material/other input data/electric heating factors
Appendix F. Heat storages in district heating systems
Heat storage is not in the focus of this contribution. However, the data on thermal storage capacities in district heating systems, listed in [46] , may be very useful for researchers, investigating the time shifting of PtH operation. We thus also assigned these capacity data to the respective administrative districts and added them to Figure 12 . The numerical values are provided in the supplementary material of this contribution 26 . For several heat storage facilities, no thermal storage capacity was given in [46] . We therefore calculated an average volume specific capacity of all the storages, for which data are given. This yielded 0.04 MWh th /m 3 for both the atmospheric and the 2-zone storage type and 0.07 MWh th /m 3 for the pressurised heat storage. We multiplied these average values with the volume of the storages for which no thermal capacity data were given. 
